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Progress Report Number 1 
Energetics of Jet and Plume Turbulence in Stratified Fluids 
Project No. CBT-8915537 
Period Covered: 12/15/89 to 12/14/90 
by 
Philip J. W. Roberts 
School of Civil Engineering 
Georgia Institute of Technology 
The research project is an experimental study of the dynamics of collapse of jet- and plume-
induced turbulence under the influence of density stratification. We have completely refurbished 
the experimental facility. This involved moving the test tank from our old Hydraulics Laboratory 
to the new, and aligning, cleaning, and repainting it. In addition, we have built a new plumbing 
system comprising water filters, pumps, flow meters, and mixing tanks and a diffuser for filling and 
stratifying the test tank. The filters are necessary to dechlorinate the water for the fluorescence 
measurements and to remove large particulates to enhance the quality of the scattered light for the 
laser anemometer. This new system will make it very easy to repeatedly fill the tank with an 
arbitrary stratification proffie of the salt and ethanol solutions. A separate part of the plumbing 
system provides filtered cooling water for the Argon ion laser. This system is now fully operational. 
Evaluation of fiber·optic Laser Doppler Anemometer systems has proceeded more slowly 
than expected. We are awaiting a final system demonstration in two weeks, at which time a 
decision on the system to purchase will be made. We anticipate delivery of the system early in the 
new year. This delay has been beneficial, however, as new frequency domain signal processors are 
now moving onto the market which appear to be much better suited to our application than the 
traditional counter, tracker, or covariance type processors. Frequency domain processors are more 
sophisticated than these older types, and behave better in an environment with a low signal-to-noise 
ratio, such as we are expecting in our stratified flows. It appears that we will be able to procure a 
frequency domain processor for a cost comparable to that which was expected for the older type 
processor. 
Conversely, progress in flow-imaging has proceeded faster than expected and we have 
successfully obtained laser induced fluorescence images of non buoyant jets. To do this, the beam 
from a five Watt Argon Ion laser is converted to a thin sheet by passing it through cylindrical lenses. 
The sheet is directed into the flow field to which a fluorescent dye, Rhodamine 6G, has been added. 
We have found that very small dye concentrations, of the order of a few parts per billion, are 
needed for emission of light of sufficient intensity to measure. The fluoresced light which is emitted 
is captured by a gray scale video camera. Although we can and do digitize individual frames using 
a frame grabber, we do not have the capability to record the digitized images in real time in the 
laboratory. Instead, we record the analog signal on a 3 f 4 inch video tape recorder. The tape is 
then taken to another location on campus where the recorded images are digitized on an Abacus 
A20 video digitizer and stored in real time (30 frames per second) on an Abacus A60 which has the 
capacity to.store 750 digitized frames (600 megabytes). We then transmit the digitized images over 




It was originally proposed to use these techniques for flow visualization only, as we believed 
that obtaining quantitative information was beyond our capabilities. We have found, however, that 
we can readily expand this flow imaging to obtain detailed statistics of tracer concentration 
fluctuations and mean concentration fields. This has required calibration of the system to account 
for the spatially varying laser light intensity, the laser sheet geometry, attenuation of the beam, the 
optics collection efficiency, and the characteristics of the analog recording and digitizing processes. 
We are doing this by varying the laser intensity and adding known dye amounts to obtain uniform 
dye concentrations in the test tank and in a smaller tank placed inside the larger test tank. 
After extraction of the statistics of the concentration fluctuations and computation of time-
averaged values, further image processing is done. The raw light intensities are converted to 
instantaneous dye concentrations. We have converted these dye concentrations to false colors which 
are much more readily interpreted by the eye than gray scales. We plan next to transfer these false 
color digital images back over the network to the Abacus A60. The RGB output of the A60 will 
then be transmitted to a Bosch 2000 encoder for combination with an NTSC sync signal to make 
false color videos and prints. The unusually large storage capacity of the Abacus and the large 
memory of our Silicone Graphics workstations (8 megabytes) make these manipulations possible. 
These techniques should afford considerable insight into the dynamical phenomena under study. 
The image processing and software development has been the responsibility of Adrian 
Ferrier. Adrian began working on this project as an undergraduate this summer with support from 
the Research Experience for Undergraduates (REU) program. He is now continuing with this 
project for his Master's Thesis in our Computer Graphics group at Georgia Tech with a minor in 
mathematics. 
In addition to flow imaging, we plan to use the laser induced fluorescence technique to 
obtain direct measurements of the turbulent flux of tracer, 111 c1 • This will be done by 
simultaneously measuring velocity with the LDA and tracer concentration with the fluoresced light. 
We are exploring the possibility of using the same fiber-optic probe to capture the fluoresced light 
and the scattered light for the LDA measurements. The advantage of this technique is that the 
same optical path is used for the LDA and LIF, guaranteeing that the measurements are made 
simultaneously and at the same point. 
Early in the new year two PhD students will begin working on some of the fluid mechanical 
aspects of this project. We expect that the rate of progress will then quicken considerably. 
The next steps will be to complete calibration of the imaging system and begin detailed 
studies with the LDA. The flow we initially plan to study is a non-buoyant jet in a homogeneous 
environment. Of course, this flow has already been well-studied so it makes a good test system for 
verification of the new experimental techniques and for gaining experience with the LDA system. 
Following demonstration of the experimental techniques we shall proceed to studies of 
buoyant jets into stratified and homogeneous environments. The fluids will be solutions of salt, 
ethanoL and water with the solute concentrations chosen so that the refractive index of the mixtures 
are constant. We have obtained the supplies for this (800 lb of salt, 55 gallons of denatured 
ethanol), and prior to performing the experiments we will carefully evaluate the density and 
refractive index of various solutions to choose the solute concentrations needed. Densities will be 
measured with a Troemner specific gravity balance we have recently acquired and which is capable 
2 
of measuring density to a precision of 0.1 O"t-units. Refractive index will be measured with a Brice-
Phoenix Differential refractometer in the Chemistry Department. This instrument measures 
differences in refractive index with a precision of 0.00001. Having chosen the appropriate fluid 
compositions, we will then begin the studies of these buoyancy modified flows to investigate the flow 
dynamics and conditions leading to turbulence collapse under the influence of stratification as 
outlined in the original proposal. 
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Progress Report Number 2 
Energetics of Jet and Plume Turbulence in Stratified Fluids 
Project No. CBT-8915537 
Period Covered: 12/1 5/90 to 1 2/14/91 
by 
Philip J. W. Roberts 
School of Civil Engineering 
Georgia Institute of Technology 
The research project is an experimental study of the dynamics of collapse of jet- and plume-
induced turbulence under the influence of density stratification. New instrumentation is being 
developed, including the use of laser-induced fluorescence (LIF) for mapping the tracer 
concentration field and flow visualization, and fiber-optic Laser Doppler anemometry combined with 
LIF for velocity and tracer flux measurements. 
Most of the activity over the past year has been devoted to developing and calibrating our 
new image processing system. The images are obtained by capturing the light emitted by laser-
induced fluorescence with a gray scale video camera. The beam from a five Watt Argon Ion laser 
is converted to a thin collimated sheet by passing it through cylindrical lenses and then directed into 
the flow field to which a fluorescent dye, Rhodamine 6G, has been added. A long pass filter allows 
only the fluoresced light to pass and removes the scattered light; we have found that very small dye 
concentrations, of the order of a few parts per billion, are needed for emission of light of sufficient 
intensity to measure. Previously, we had been recording images on 3 I 4" video tape, then taking the 
tape to be digitized, transmitting the digitized images over the campus network, and finally 
processing them on a Silicon Graphics Workstation. While this method allowed many frames to 
be digitized and stored, it proved to be somewhat unwieldy. We now have a complete image 
processing system, which allows digitizing and some processing of images in real time. 
The system consists of a 386-based computer with Imaging Technology digitizing boards. 
The signal from the analog CCD camera is digitized on the boards and some processing is done in 
real time; in addition we still record the raw signal on 3 I 4" video tape for subsequent analysis. The 
RGB output signal from the system is viewed on a monitor, and then passes through a scan 
converter where it is converted to either an S-VHS or regular NTSC signal for recording on a 
Mitsubishi S-VHS Video Recorder. A Polaroid Freeze Frame Camera allows production of hard 
copy of any RGB image on Polaroid print film or 35 mm print or slide film. Because the image 
processing techniques which we employ are quite different from those typically used, we have had 
to do extensive software development. Some of this uses routines which can be run on the boards 
in real-time, for example, conversion to false color and recursive frame-averaging, but some, for 
example, computing an image which is the variance of each pixel over time can only be done more 
slowly off the boards due to the memory requirements. The software, written in C, is now 
essentially complete. This image processing and software development has been the responsibility 
of Adrian Ferrier. Adrian began working on this project as an undergraduate with support from 
the Research Experience for Undergraduates (REU) program. He is now completing this project 
for his Master's Thesis in our Computer Graphics group at Georgia Tech with a minor in 
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mathematics. 
Although laser-induced fluorescence is fairly commonly used for flow visualization it is less 
often used for quantitative measurements, particularly at the scale we are interested in. Calibration 
of the system has proven difficult. The beam is expanded from a diameter less than 1 mm by means 
of three cylindrical lenses to a collimated sheet 430 mm tall. This is substantially larger than 
employed by most researchers, and this large scale introduces some problems of its own. The laser 
beam intensity is not uniform over the sheet, and we have been exploiting this non-uniformity to 
our advantage in being able to illuminate parts of the flow where the dye concentration is higher 
with less intense light, and those parts where the dye concentration is less with more intense light. 
In this way, we have been able to expand the dynamic range of the whole image to more than the 
usual8-bit (256 parts) range. This also requires careful calibration, however, to obtain the digitized 
response versus local dye concentration. 
We have found it convenient to pass the sheet through a reference cylinder filled with a 
known dye concentration which is kept within the field of view of the camera. By taking a vertical 
scan down through the cylinder, we can obtain the laser sheet intensity variation, and correct the 
image for this variation. Because of the very large magnification of the beam, very slight changes 
due to mirror drift in the laser result in large changes in the intensity variation. The reference cell 
allows us to correct for such drifts. Simultaneously, we correct for the lens brightness variation by 
dividing by an image obtained by photographing a plain, uniformly illuminated target. Because of 
the large scales imaged, with the beam passing through a longer path length than employed by most 
researchers, attenuation of the beam cannot be ignored. We have spent considerable effort in 
calibrating and optimizing the system, and this has proven more difficult than expected, due to the 
complicated optical setup, trade-offs between camera sensitivity, noise, and filtering of scattered 
light, among others. We believe that these problems are now resolved, and plan to begin obtaining 
quantitative measurements shortly. 
In addition to flow imaging, we plan to use the laser-induced fluorescence technique to 
obtain direct measurements of the turbulent flux of tracer, u1 c1 • This will be done by 
simultaneously measuring velocity with an LDA, and tracer concentration by the fluoresced light. 
After extensive study, and demonstrations of various systems, we have decided on a system 
made by Aerometrics, Inc. This will be a fiber-optic system using a backscatter probe which will 
capture both the scattered light for the LDA measurements and the fluoresced light for the tracer 
measurements. The fluoresced light is separated from the scattered light and measured by a 
dedicated PMT which is sampled on receipt of a validated velocity measurement. The advantage 
of this technique is that the same optical path is used for the LDA and LIF, guaranteeing that the 
measurements are made simultaneously and at the same point. The signal processor is of the 
frequency domain type which appear to be much better suited to our application than the traditional 
counter, tracker, or covariance type processors. Frequency domain processors are more 
sophisticated than these older types, and behave better in an environment with a low signal-to-noise 
ratio, such as we are expecting in our stratified flows. We expect delivery of this system around the 
end of November. 
Much work will then be required to get the system operational. We will first try a 25 mm 
diameter probe fully immersed in the flow, as traversing and refractive index problems are much 
reduced by this method compared to a larger probe external to the flow. The shorter path length 
may mean that refractive index matching of the fluids is not necessary, which will simplify the 
experiments considerably. We will try different optical setups to provide the laser light necessary 
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to excite the fluorescence. The simplest, which will be tried first, is to use the same beams as are 
used for LDA measurements. If this is not satisfactory, we will go to the light sheet arrangement. 
The system will then be calibrated by measuring the response to known dye amounts. It will then 
be used with flow fields in which measurements have been previously reported to compare them 




Energetics of jet and plume turbulence in stratified fluids 
Project Number CBT 8915537 
The purpose of this project is to study the mixing of effluents such as municipal sewage and 
industrial wastewater discharged into water bodies. These are often from a diffuser which 
releases the effluent as a jet or plume whose self-induced turbulence causes rapid dilution. If the 
water body is density stratified, as often occurs in coastal waters, estuaries, and lakes, the 
stratification can limit the dilution by causing the turbulence to collapse. 
We have developed unique optical instrumentation to study such turbulent mixing processes in 
stratified fluids. We use laser-induced fluorescence in which a sheet of laser light causes dye 
added to the flow to fluoresce. The light emitted is captured by a CCD camera and digitized. By 
the use of an image processing technique and careful calibration we can relate the light emitted 
to local contaminant concentrations, providing much more information on the concentration field 
than is available by conventional techniques. The instrumentation is used in a towing tank which 
enables us to simulate a flowing, density-stratified environment. The stratification is obtained 
by the use of salt and ethanol solutions and is optically homogeneous thus eliminating the 
refractive index fluctuations which have previously prevented the use of such optical trechniques. 
We have used the system to investigate a wide range of flows. The results show much mixing 
beyond the traditional jet or plume region which is not incorporated into the present generation 
of mathematical models. Improved techniques for predicting the extent of this mixing and the 
length of the initial mixing zone have been proposed which should have significant implications 
for the regulation of discharges and prediction of their environmental impact. Such information 
will lead to improved mathematical models of mixing and improved design of diffusers for 
wastewater discharges. 
Energetics of jet and plume turbulence in stratified fluids 
Project Number CBT 8915537 
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